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Abstract: Glycolysis, a central metabolic pathway, harbors evolutionary conserved enzymes that

modulate and potentially shift the cellular metabolism on requirement. Pyruvate kinase, which

catalyzes the last but rate-limiting step of glycolysis, is expressed in four isozymic forms,
depending on the tissue requirement. M2 isoform (PKM2) is exclusively expressed in embryonic

and adult dividing/tumor cells. This tetrameric allosterically regulated isoform is intrinsically

designed to downregulate its activity by subunit dissociation (into dimer), which results in partial
inhibition of glycolysis at the last step. This accumulates all upstream glycolytic intermediates as

an anabolic feed for synthesis of lipids and nucleic acids, whereas reassociation of PKM2 into

active tetramer replenishes the normal catabolism as a feedback after cell division. In addition,
involvement of this enzyme in a variety of pathways, protein–protein interactions, and nuclear

transport suggests its potential to perform multiple nonglycolytic functions with diverse

implications, although multidimensional role of this protein is as yet not fully explored. This review
aims to provide an overview of the involvement of PKM2 in various physiological pathways with

possible functional implications.
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Introduction

The primary function of pyruvate kinase (PK; EC

2.7.1.40) enzyme is to catalyze the transphosphoryla-

tion from phosphoenolpyruvate (PEP) to ADP as the

last step of glycolysis to generate ATP.1,2 Depending

upon the metabolic requirement, the enzyme is

expressed in four different isozymic forms, L, R, M1,

and M2, in mammalian tissues, which differ in their

regulatory properties.3,4 The M2, L, and R isozymes

show homotropic cooperative activation with PEP

and heterotropic cooperative activation with FBP.5,6

The M1 isozyme is regulated by neither P-enolpyru-

vate nor Fru-1,6-P2 because of its intrinsic active

conformation in the R-state.7 The M1 and M2 iso-

zymes are produced from a single gene locus by

mutually exclusive alternative splicing.8 In human

M1 and M2 isozymes, the exon that is exchanged

because of alternative splicing encodes 56 amino

acids, in which a total of 22 amino acids differ

within a length of 45 residues. The residues located

in this region form the major intersubunit contact

domain.9 The distinguishable kinetic properties

of the M1 and M2 isozymes are attributed to

these amino acid substitutions. It has been shown

by X-ray crystallographic analyses and computer

modeling that the corresponding regions of their

polypeptides participate directly in the intersubunit
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contact, which is responsible for the intersubunit

communication required for allosteric cooperativ-

ity.5,10 PK has been largely conserved throughout

evolution. The enzyme is usually a homotetramer

composed of four identical subunits, and each subu-

nit consists of four domains: the A-, B-, and

C-domains and the N-terminal domain. The struc-

ture of human PKM2 was determined in complex

with inhibitors.9 In mammalian cells, PK activity is

regulated by two different mechanisms: one at the

level of expression and the other through allosteric

regulation. The catalytic site usually constitutes a

small part of the enzyme, but allosteric control is

transmitted over a long range, thus increasing the

number of possible residues involved in regulation.

The allosteric transition in PK involves mutual rota-

tions of the A- and C-domains within each subunit

and the subunit within the tetramer.11 The residues

at the subunit interfaces have the critical function of

relaying the allosteric signal from and to the cata-

lytic and regulatory sites.

PKM2 is a ubiquitous prototype enzyme present

in all tissues during the embryonic stage and is gradu-

ally replaced by other isozymic forms in specific tissues

during development. Although the primary function of

PKM2 is to catabolize glucose, it is possibly involved in

many other nonglycolytic functions too. In addition to

its localization in nucleus,12–14 it interacts with a vari-

ety of biological molecules (Table I) such as HERC1

(homologous to the E6-AP (UBE3A) carboxyl termi-

nus domain and RCC1-like domain-1 for intracellu-

lar membrane trafficking),18 signaling proteins such

as A-Raf,15 cytoplasmic-PML (promyelocytic leuke-

mia) protein,14 and pantothenate kinase 4,24 and

transcription factors such as octamer-4,22 SUMO

ubiqutin E3 ligase,29 thyroid hormone,33,34 somato-

statin,13 and lysophosphatidic acid (LPA).31 It is also

known to interact with pathogenic E7 protein of

HPV (human papillomavirus),19,35 NS5B of hepatitis

C virus,17 PP60v-src-tyrosine kinase,26 and Opa

(opacity associated) protein of Staphylococcus.23 The

diverse interaction of PKM2 supposedly places this

molecule at a principal position of complex cellular

pathways, although there is dearth in understanding

this association and its relevance in cellular physiol-

ogy. Incidentally, the overall contributions in PKM2

physiology have just highlighted its role in tumor

progression36 ignoring its other possible diverse

impacts, which could be easily speculated by its

known interactions and subcellular localization, pos-

sible after observing the aberrant form of PKM2 in a

pathological condition of Bloom syndrome (BS).37

Our further study on the aberrant mutant forms of

PKM238 has allowed us to propose in this review the

possible multiple roles the enzyme could play in cel-

lular physiology and in the genetic background of a

syndrome, BS, where the mutants of PKM2 were

first found.39

Human PKM2: a metabolic regulator
Warburg’s proposal of upregulation of glycolysis in

cancer even in the presence of O2 had highlighted

the exclusive importance of glycolytic pathway in

dividing cells.40,41 A dividing cell has dual depend-

ence on glycolysis for: (i) energy and (ii) the glyco-

lytic intermediates (phosphometabolites) required as

precursors for the synthesis of nucleic acids, amino

acids, and lipids.42 This dual dependence ensures

the activation of synthetic processes, only when the

source of energy (glucose) is sufficient in microenvir-

onment to maintain the metabolic homeostasis of

the cell. Because accumulation of synthetic precur-

sors and availability of energy from glycolysis are

mutually exclusive (one at a time), the dividing cell

efficiently coordinates both pathways in a cyclic

manner, where PKM2 plays a major role because of

its positioning at the last step of glycolysis.43 Hence,

expression of PKM2 isoform in a dividing cell is a met-

abolic requirement, and its presence at the last step of

glycolysis decides the fate of glucose carbons to channel

either in synthetic pathway (nucleogenic) or for energy

production. The destined ATP is produced by maintain-

ing a default active tetramer state of the enzyme

(PKM2). However, when the cell senses the require-

ment of precursors, especially during cell division, the

activity of this enzyme is downregulated (by subunit

dissociation) in a reversible manner to block the glyco-

lytic flux toward pyruvate production. This allows

accumulation of the glycolytic intermediates used fur-

ther as synthetic precursors of nucleic acid, lipid, and

amino acid synthesis.44 However, dissociation of

PKM2 tetramer into dimer depletes the cellular ATP

concentration and activates AMP-activated protein ki-

nase (AMPK).45 We suggest that this may have dual

advantage because activated AMPK is known to acti-

vate p53,46,47 which in turn activates TIGAR (TP53-

induced glycolysis and apoptosis regulator).48 The

TIGAR protein blocks phosphofructokinase, which

probably could save consumption of ATP at this step

and channelize more glycolytic intermediates to the

anabolic pathway, involving PKM2 (Fig. 1).

The subunit dissociation (tetramer to dimer) is a

well-known process for activity downregulation when

the availability of FBP is low under physiological con-

ditions.43 Binding of FBP is known to tetramerize the

enzyme, whereas its release causes dissociation to

dimer. However, as in vitro purified protein is a homo-

tetramer even in the absence of FBP,37 the exact

mechanism of dimerization/tetramerization under

physiological condition is yet not known. Also, how

the factor regulating the oscillating concentration of

FBP in cells is yet to be studied. In a phosphor-pep-

tides library screening, it has been observed that

some Tyr phosphorylated peptides interact with

PKM2 at a site near to FBP-binding pocket and can

affect FBP binding. Followed by it, it was seen that

FGFR-dependent phosphorylation of PKM2 at Y105

causes its dimerization by the release of FBP leading
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Table I. Interacting Partners of PKM2 and Their Proposed Biological Importance

S. no.
Interacting
proteins Method/s used

Physical
alterations

Functional
alterations

(dimer/tetramer
ratio)

Potential biological
relevance Ref.

1 A-Raf (Raf kinase
isozyme)

IP, Co-IP Phosphorylation at
Ser residue

Modulates PKM2
dimer/tetramer
ratio hence the
activity
accordingly

Regulation of
glycolysis (Go
and stop
mechanism)

15

2 Break point
cluster region
(BCR)-ABL
fusion Tyr
kinase

In vitro kinase
assay

Phosphorylation at
Y105 residue

Inhibits
tetramerization

Promotes cancer
metabolism

16

3 ETV6-neurotrophic
Tyr kinase
receptor-3

In vitro kinase
assay

Phosphorylation at
Y105 residue

Inhibits
tetramerization

Promotes cancer
metabolism

16

4 Fibroblast growth
factor receptor-1
(FGFR-1)

In vitro kinase
assay

Phosphorylation at
Y105 residue

Subunit
dissociation to
dimerization;
FBP release and
activity
reduction

Facilitates
Warburg
effect

16

5 Fms-related Tyr
kinase-3 ITD
mutant

In vitro kinase
assay

Phosphorylation at
Tyr residue

Inhibits
tetramerization

Promotes cancer
metabolism

16

6 Hepatitis C
virus-NS5B
(RNA
polymerase)

GST pull down,
Co-IP

Binds to PKM2 Not known Possibly promotes
pathogenesis by
helping viral
RNA synthesis

17

7 HECT domain of
HERC-1

IF, GST pull
down

Binds to amino
acid residues
from 406 to 531
of PKM2

Not known Possibly regulates
GTP production
for guanine
nucleotide
exchanger or
intracellular
membrane
trafficking

18

9 Human
papillomavirus-
16 E7

Y2H, GST-pull
down, IP

Dissociation of
PKM2 tetramer
into inactive
dimer

Dimerization and
PKM2 activity
inhibition

Transforming
mechanism of
viral oncoprotein
(HPV-E7)

19

10 JAK-2 mutant
(Val617Phe)

In vitro kinase
assay

Phosphorylation at
Y105 residue

Inhibits
tetramerization

Promotes cancer
metabolism
(IL3-dependent
nuclear
localization; cell
division)

12,16

11 IgE receptor
(ITAM region of
d chain)

Y2H, GST-pull
down, IP

Phosphorylation at
tyrosine residue
involving SrcK,
PI3K

Activity reduction Possibly facilitates
the mast cell
degranulation

20,21

12 Octamer-4 AC-MALDI-
TOF, Co-IP,
GST pull
down

Binds to amino
acid residues
from 307 to 521
of PKM2

Not known Possibly modulates
transactivation
potential of the
Oct-4 positively

22

13 N. gonorrhea
opacity-
associated
protein (Opa)

Y2H, IF Not known Possibly alters
host ATP
production

Possibly helps in
pathological
establishment by
acquisition of
host C source of
N. gonorrhea

23

14 Pantothenate
kinase-4 (PANK-
4)

Y2H, GST-pull
down, Co-IP,
IF

Not known Not known Possibly regulates
glycolysis and
coenzyme-A
biosynthetic
flux, hence

24

Continued

Gupta and Bamezai PROTEIN SCIENCE VOL 19:2031—2044 2033



to Warburg effect.16 Nevertheless, there are many on-

cogenic proteins that over physical interaction with

PKM2 cause its phosphorylation and

inactivation.16,19,27

The dissociation of PKM2 into dimer is a reversi-

ble process in normally dividing cells as the dimers

assemble to high-affinity tetramers and recover with

full enzymatic activity later to produce energy (ATP)

Table I Continued

S. no.
Interacting
proteins Method/s used

Physical
alterations

Functional
alterations

(dimer/tetramer
ratio)

Potential biological
relevance Ref.

TCA cycle
15 PKC d protein

kinase C
isozyme

2D Gel EF, IP Phosphorylation at
Ser residue

No change in
activity or
dimer/tetramer
ratio

Possibly regulates
PKM2 stability

25

16 Promyelocytic
leukemia (PML)
tumor
suppressor
protein

Co-IP, GST-pull
down

Not known Reduces activity of
PKM2 tetramer,
not dimer

Possibly help in
promoting
cancer
metabolism or
genomic
instability

14

17 Pp60v-src IP Dissociation of
PKM2 tetramer
into dimer

Dimerization and
PKM2 activity
inhibition

Transforming
mechanism of
Rouse Sarcoma
virus

26,27

18 SOCS3 IP, GST pull
down

Not known Reduces ATP
production

Defective antigen
presentation;
immune evasion
by tumor cells

28

19 SUMO-E3 ligase
(PIAS3)

Y2H, GST-pull
down, IP

Binds to amino
acid residues
from 1 to 348 of
PKM2

Not known Sumoylation and
nuclear
translocation

29

20 Tumor endothelial
Marker-8
(TEM-8)

IP Binds to amino
acid residues
from 379 to 385
of PKM2

Not known Interaction with
PKM2 (released
by tumor cells)
possibly
promotes
angiogenesis

30

Other interacting partners:
1 Somatostatin FPLC-MS Not known Not known Nuclear

localization of
PKM2;
caspase-
independent
apoptosis

13

2 Lysophosphatidic
acid (LPA)

LAC-MS, IP,
ITC

Increased a-helical
content,
dissociation to
inactive dimer

Reduced activity Possibly facilitates
cell division

31

3 Fructose-1,6-
bis-phosphate

XRD Brings
conformational
changes, induces
tetramerization

Triggers allosteric
signal transduc-
tion, increases
activity

Promotes
catabolism

9

4 Phospho-tyrosine
peptides

LC-MS/MS Modulates
allosteric pocket
conformation

FBP release and
activity
reduction

Essential for cell
growth and
anabolism

16,32

5 T3 (thyroid
hormone)

In vitro binding
assay

Stabilizes PKM2
monomer,
inhibits FBP-
induced
tetramerization

PKM2 activity
inhibits to �5%

Reduced glycolysis,
facilitates
T3-dependent O2

consumption

33

Y2H, Yeast 2 hybrid; Co-Ip, coimmunoprecipitation; IP, immunoprecipitation; LC-MS/MS, microcapillary reversed-phase
tandem mass spectrometry; FPLC, fast protein liquid chromatography; 2D EF, two-dimensional gel electrophoresis; ITC,
isothermal titration calorimetry; XRD, X-ray diffraction; AC-MALDI-Tof, affinity chromatography-matrix-assisted laser de-
sorption ionization-time of flight; GST pull down, glutathione-S-transferase pull down assay.
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again. However, the tumor cells incidentally need a

permanent supply of glycolytic intermediates,42,43,49,50

where a permanent downregulation of PKM2 activity

(by dimer formation) is observed to favor rapid cell

proliferation. In short, the dynamic equilibrium

between tetramer and dimer maintains a balance

between anabolic and catabolic phases of cell metabo-

lism. Recently, the importance of PKM2 in cell

growth and cancer progression was highlighted using

in vivo mouse model, where the authors also observed

an accumulation of lactate in cells overexpressing

PKM2. This observation again indicates the metabolic

shift in favor of tumor progression, reviving the clas-

sical Warburg effect.32,36

The role of PKM2 in tumor development was

earlier indicated by the fact that many oncogenic vi-

ral pathogens during evolution have chosen PKM2

for their phenotypic effect by inducing its dissocia-

tion into dimer after physical interaction.19,51 Some

proteins known for cellular growth and proliferation

such as A-Raf15,52 and PML protein14 are known to

downregulate PKM2 activity by interacting with it.

Interaction of PKM2 with growth factor receptor

like FGFR-1 (fibrocytes growth factor receptor-1), re-

ceptor tyrosine kinase like FlT3 and JAK-2, and

oncogenes like BCR-ABL further support to the pro-

posed potential.16 LPA, a mitogenic factor, also inter-

acts with PKM231; recently, Oct4 (octamer-4), a

homeodomain transcription factor expressed in nor-

mal embryonic stem cells, has been reported as

PKM2-interacting partner. Oct 4 is involved in stem

cell self-renewal and its knockdown is reported to

induce cell differentiation.53 A physical interaction of

PKM2 with Oct4 probably indicates their auxiliary

function to induce cell division and tumor sustenance

under malfunctioning conditions, especially when

PKM2 is already known to promote cancer of adult

germ cells.22 We suggest that inactive PKM2-dependent

Figure 1. Biological implications of reexpression of M2 isoform of PK enzyme in cells: Downregulation of the enzyme activity by

either phosphorylation or dissociation into dimer blocks the pyruvate production and leads in turn to an accumulation of the synthetic

precursors to activate nucleic acid and lipid biosynthesis, required for cell division. The pyruvate concentration is compensated by

glutaminolysis process. However, the reduced cellular ATP amount as a result of PKM2 inactivation possibly activates TIGAR protein

through AMPK-p53 pathway, supplementing similar process by blocking PFK (phosphofructokinase).
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phosphometabolite pooling not only supplements

nucleogenic metabolic activity but also provides extra

advantage to the sustenance of a tumor, possibly by

accumulating molecules like 2,3-bisphosphoglycerate

(BPG), which in turn bind to deoxyhemoglobin, releas-

ing more oxygen from oxyhemoglobin in tissues.54,55

The increased concentration of BPG has been observed

as a result of adaptation in people living at higher alti-

tudes56,57 with low oxygen pressure. PKM2 activity in

cancer cells probably serves as a mechanism with dual

advantage of nucleic acid synthesis and protection from

hypoxia, features associated with tumors. PKM2 has

also been hypothesized earlier to promote angiogenesis

by binding to TEM-8 (tumor endothelial factor 8).30

Adding another dimension to the study, our lab-

oratory has characterized two independent missense

heterozygous mutations in human PKM2 (Fig. 2)

from a BS patient and a cell line.39,58 Both the

mutations (H391Y and K422R) were present at

intersubunit contact domain of the enzyme (Fig. 3)

and showed a differential biochemical and functional

impact on the protein (Table II). Interestingly, the

mutant PKM2 proteins maintained their homotetra-

meric state till they were expressed independently

and showed compromised activity in comparison to

wild protein,37 favoring the cell growth and poly-

ploidy.38 When wild and mutant proteins were coex-

pressed (to mimic in vivo heterozygous state with

biallelic expression), it was observed to result in cross

monomer (wild-mutant monomer) interaction, pro-

ducing less active heterodimer and -tetramer forms

(Fig. 4).38 The formation of wild-mutant heterodimers

had a potential to disturb the dimer:tetramer equilib-

rium in a dividing cell to promote cell growth in an

uncontrolled manner.38 In addition, the structural ri-

gidity attained by H391Y mutant in its tetrameric

state suggested adaptation of the protein under possi-

ble stressful condition of tumor microenvironment.

The case of naturally occurring aberrant PKM2

unraveled an alternative pathway of activity down-

regulation and provided an explanation for a possible

inherent tendency of tumor sustenance in BS.38

PKM2—cellular growth and apoptosis
The first indication of role of PKM2 in cellular

growth and apoptosis came from a recent study

which showed that PKM2, known to rescue cells

from nutritional stress-dependent cell apoptosis, acts

as a metabolic sensor, regulating cell growth, prolif-

eration, and apoptosis.59 PKM2 senses the possible

scarcity of glucose (nutritional stress) during cell di-

vision and dissociates from fully active tetramer to

Figure 2. Nucleotide (A) and protein (B) sequence of human PKM2 cDNA highlighting the mutations, H391Y and K422R (red

color). The nucleotide sequence was retrieved from NCBI Reference Sequence: NM_002654.3.
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an inactive dimer. This channelizes the available

glucose carbon in synthetic precursor formation59

while the scarcity of glucose is compensated by glu-

taminolysis for the energy (ATP) production. Thus,

PKM2 saves the cell from nutritional stress-depend-

ent apoptosis during cell division process (Fig. 5).

Some reports also projected PK as a mediator in

growth hormone signaling cascade indicating its

potential role in maintaining cellular homeostasis

for proliferation and apoptosis. A growth inhibiting

hormone (somatostatin) caused caspase-independent

cellular apoptosis by interacting and localizing the

PKM2 in nucleus,13 while some cytokines were

found to enhance cellular proliferation involving

PKM2 in a similar way.12 In addition, growth factors

such as EGFs and hormones are also known to affect

the catalytic property (reduced Km) of this enzyme

in freshly isolated hepatocytes in favor of cell growth

and division60–63 indicating it to be an essential mo-

lecular event during cell growth.

Further support for PKM2 in cell proliferation

and apoptosis comes from a study of Raf kinases and

their cross talk.15,52 Raf kinases are the mitogen-

activated protein kinases, an important member of

cell mitogenic signaling cascade, which transmit sig-

nal from receptor tyrosine kinase via Ras, Raf,

Table II. Biochemical and Biological Impacts of Dominant-Negative Heterozygous Mutations (H391Y, K422R)(37,38)

S. no. Features Wild PKM2 H391Y K422R

1 Enzymatic activity 100% 80% 25%
2 PEP affinity Normal Increased by sixfold Reduced by threefold
3 Catalytic efficiency Normal Increased Reduced
4 Oligomeric state Homotetramer Homotetramer Homotetramer
5 Cooperativity Allosteric Completely lost Increased
6 Activation by FBP Yes No Yes
7 Optimum pH 7.4 7.0 7.0
8 Thermostability No Yes No
9 a Helical content Rich Increased Increased
10 Structural rigidity Absent Present Absent

When coexpressed with PK-WT in in vitro transfection assays

11 Cross-monomer interaction Yes Yes Yes
12 Oligomeric state Normal Disturbed Disturbed
13 Heterooligomerization Yes Yes Yes
14 Heterodimerization No Yes Yes
15 Enzymatic activity Unaffected Reduced Reduced
16 PEP affinity Unaffected Reduced Reduced
17 E. coli doubling time Slightly reduced Reduced Reduced
18 Rate of cell division Slightly increased Promoted Promoted
19 Polyploidy Unaffected Promoted Promoted

Figure 3. A: A monomer of human PKM2 (PDB id; 1T5a) displaying all four domains with bound PEP structural homolog

(Cyan) and FBP (magenta) and His 391 (red) and Lys 422 (yellow) residues. B: An enlarged view of intersubunit contact

domain of homotetramer of human PKM2 with the unique position of both the residues (sites of mutation) which had a

differential impact over the structural and functional perturbation in the PKM2 molecule as shown in Table II. The figures were

generated using molecular viewer tool PyMol.
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Figure 4. The possible hetero- and homooligomeric structures under heterozygous state of PKM2 based on in silico and

experimental observations, suggesting the role of deregulated tetramer–dimer equilibrium and generation of less active

tetramers affecting cell division.(38)

Figure 5. PKM2 acts as a metabolic sensor, regulating the fate of cell in division, differentiation, or apoptosis. In the

presence of a growth signal, pyruvate kinase senses the presence of glucose in the medium. Availability of enough glucose

distributes the glucose C into anabolic and catabolic pathways equally by maintaining its active tetrameric form and catalyzes

the division. Under nutritional stress, cells are saved from apoptosis by dissociation of tetrameric PKM2 into dimer; however,

in case the energy is available from an alternate source, it leads to cell division process in cancer situation where

glutaminolysis acts as an extracellular energy source.
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MEK, and ERK, resulting in cell proliferation and

differentiation.64–66 Like PKM2, Raf-A also

expresses in rapidly dividing tissues, such as kidney,

testis, epidymis, and ovary. Raf kinases are very

well known to regulate the glycolysis by ‘‘go or stop’’

mechanism.15 Because PKM2 plays a central role in

synthetic and energy generation processes, Raf

seems to use this key molecule by physically inter-

acting and consequently inactivating it by its dissoci-

ation (into dimer) and phosphorylation in primary

fibrocytes. Only the oncogenic form a-Raf is able to

reactivate PKM2 by its tetramerization as a second-

ary metabolic effect possibly induced by high serine

level.15 It has been known that coexpression of

PKM2 is required with a-Raf for cellular transforma-

tion. The dominant-negative mutants of PKM2 have

been shown to block the function of a-Raf67 and

hence cell growth and division.15

PKM2 and immunological responses
The role of PK in basal immunity comes from a well-

known example of a woman with neutrophil defi-

cient in PK (PK-R) activity, showing frequent staph-

ylococcal infections. It was observed that neutrophils

with defective PK activity showed defective intracel-

lular killing,68 reflecting on the potency of geneti-

cally defective PK to affect the innate immunity and

thus conferring susceptibility to infections. In a

recent report, PKM2 is found to be highly immuno-

modulatory by interacting with SOCS3 (suppressor

of cytokines signaling 3) resulting in disruption of

antigen-presenting ability of dendritic cells.28 Glu-

cose is an instant source of energy for dynamic

immune cells to ensure their proper functioning, evi-

dent by the observation of T cells which not only up-

regulate glucose uptake (by upregulating GLUT 1

expression) but also upregulate the rate of glycolysis

during interaction with APC (depending upon CD28

receptor on surface). This is to produce instant ATP

to ensure a sustained immunogenic response on

encountering an antigen.69,70 The defective glycoly-

sis due to PK deficiency is likely to compromise neu-

trophilic immune response, hence making the para-

site survival effortless in the cell.

Another evidence of involvement of PKM2 in

immunological responses came from a recent report

where PKM2 is shown to interact with IgE receptor

on the cells, resulting in the inhibition of its activ-

ity.20 Another follow-up study has proposed that this

interaction leads to mast cell degranulation, respon-

sible for allergic reactions. It has been proposed that

mast cell degranulation might require the Fcvarepsi-

lonRI-mediated inhibition of PKM2 activity, thereby

showing an inverse correlation between PKM2 activ-

ity and mast cell degranulation.21 In yet another

study, expression of PKM2 and annexin I was pro-

posed to be important for contributing to granule

formation containing TNFa and other mediators in

mast cells, playing important role in allergic dis-

ease.71 The study showed that PKM2 plays an

important role in response to allergens.

A physical interaction of pathogenic proteins

like Opa (opacity associated) of Staphylococcus with

PKM223 is another indicator of its role in immune

modulation. Many other pathogens such as HPV19,35

and HCV17 are also known to modulate PKM2 func-

tion, promoting their pathogenesis. In Tourette syn-

drome, PKM1 has been identified as an antigen.72

The study has demonstrated that PK can serve as

autoimmune target for staphylococcal infections. It

has been reported that dendritic cells representing

M1/M2 peptide can generate allergic myotitis in

Balb C mice.73 It is quite likely that the release of

dimeric form of PKM2 from cells74 may serve as an

antigen and result in an autoimmune reaction in

affected patients like BS.

Pyruvate kinase and other possible
physiological effects

PKM2 has been speculated to influence other physi-

ological pathways directly or indirectly with a signif-

icant impact. Liver PK polymorphism has been

shown in association with type II diabetes,75 and the

reports suggest that most of the activity of pancre-

atic PK is governed by M2 isoform of PK.116 The

occurrence, therefore, of SNP/mutations in PKM2

becomes relevant to suggest a possible link with the

susceptibility to type II diabetes, which indirectly

provides opportunity for other metabolic diseases

like cancer which has also been associated with dia-

betes.76,77 The role of PKM2 in both these diseases

is explicable because both abnormalities show per-

turbation in glucose metabolism. The role of PK in

cellular dynamics is unfolded by the report of M1

isoform of PK, which is shown to destabilize the

microtubules in a PEP (substrate of PK)-dependent

manner by physically interacting with it.78,79 Some

high dynamic specialized cells, e.g., sperms produce

some special cytoskeleton-bound isoform of PK called

sperm-specific PK (PK-S),80,81 also indicated its role

in cellular dynamics. Physical interaction between

PKM2 and c-PML leading to its nuclear localization

indicates the role of PKM2 in genomic instability,

adding another dimension to PKM2 mutifunctional-

ity.14 Glycolytic enzymes are also known to play im-

portant role in vital processes like aging.82 In eryth-

rocytes, the activity of PK is reported to be reduced

with age,83,84 and the regulatory power of M2 iso-

zyme in dividing cells (dimer:tetramer equilibrium)

has been shown to go down by 90%.85 As the older

animals rely maximally on glycolysis, while the use

of glycolysis as the only source of energy results in

plenty of wasteful synthesis in body, ultimately lead-

ing to aging.85 In vitro stimulation with AMP has

been shown to induce senescence in human fibro-

blast,86 a condition expected to be created by mutant
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(and/or less active) PKM2. Whether aging is a conse-

quence of dysregulated glycolytic enzymes or vice

versa is as yet equivocal.

PKM2 Possibly Shares the Burden

of Multiphenotypic BS
BS, an autosomal recessive disorder, is prevalent in

Ashkenazi Jewish population87–89 or in others.58,90–

92 Affected individuals express some unique combi-

nation of other phenotypes such as predisposition to

cancer,93 type II diabetes,94,95 early aging, growth

retardation,96 male-specific infertility,97 hypersensi-

tivity, immunodeficiency,98 and the characteristic fea-

ture of genomic instability (high frequency of sister

chromatid exchanges, SCEs)93,99–101 and mitotic

recombination.102,103 The primary reason of the syn-

drome is identified as the genetically defective BLM

protein (159 kDa).104–107 However, the number of

clinical abnormalities in BS patients has remained

unexplained by defective BLM protein except for

genomic instability. This has left enough scope to

look for another probable candidate(s), which could

explain the pleiotropic features of BS. In our inde-

pendent observations, many BS cell lines have

shown differentially downregulated PKM2 activity

(unpublished work),38 which correlated in some cell

lines with the presence of either missense or frame

shift mutation in a heterozygous state. It was, there-

fore, pertinent to consider PKM2 as an active candi-

date to explain BS features. Further, another mis-

sense mutation correlated with the downregulated

activity of PKM2, detected in an Indian BS

patient.39,58 These reassuring observations sug-

gested to characterize both these missense muta-

tions in heterozygous state to establish the role of

malfunctioning PKM2 and extrapolate in developing

BS phenotypes.37 Our study has prompted us to sug-

gest for the first time the role of PKM2 toward the

inherent susceptibility of BS patients to cancer,

although the possibility of any other defective multi-

functional protein(s), apart from PKM2, giving rise

to multiple phenotypes is not ruled out. (Fig. 6)

Arguments against ‘‘BLM involvement in immu-

nodeficiency’’108 and the role of PKM2 deficiency in

neutrophils reported for the cause of immuno-

deficiency68 provide an interesting alternative expla-

nation for the feature of immunodeficiency in the

syndrome. In addition, reduced PKM2 activity asso-

ciated with mast cell degranulation21 could make

one susceptible to develop allergic reactions, very

frequently observed in BS. Similarly, the early devel-

opment of type II diabetes in BS may essentially be

Figure 6. Pyruvate kinase M2, a multifunctional protein with possible implications. Malfunctions of PKM2 may lead to multiple

phenotypes as in syndromes like Bloom syndrome. PML, promyelocytic leukemia protein; BMR, basal metabolic rate; Opa,

opacity-associated protein; HPV, human papillomavirus; LPA, lysophosphatidic acid; 3BPG, 2,3-bisphosphoglycerate; PANK4,

pantothenate kinase 4.
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associated with affected glucose metabolism due to

malfunctioning PKM2. Incidentally, the Ashkenazi

Jews with a high incidence of BS are genetically sus-

ceptible to type II diabetes.109,110 The incredible in-

sulin resistance in BS patients111 and the absence of

reports on defective insulin receptor suggest the pos-

sibility of an involvement of aberrant key glycolytic

enzyme like PKM2. Another typical phenotype of

infertility in BS males112 could be explained on the

ground of exclusive importance of glycolysis for

sperm motility.113–115 For this sperms produce spe-

cial membrane-bound isoform of PK called sperm-

specific PK (PK-S),81 and a genetic-defective PK

would render the sperm incapable of fertilizing an

ovum. The defective sperm motility, however, could

also be defined on the ground of instability of micro-

tubules due to M1 isoform of PK. Interestingly, one

of our mutant H391Y of M2 isoform behaved like

M1.37 This also causes the abnormal chromosomal

movement during cell division leading to genomic

instability, a typical feature of BS. It is to be noted

that although BLM protein is important to maintain

genome stability, there are �7% cases of BS with

high SCE in normal BLM gene background (James

German, personal communication), indicating a

probable contribution of some other factors to the

occurrence of SCEs, mitotic recombination, and chro-

mosome instability, as observed in BS. A probable

role of defective PKM2 in BS condition responsible

for such genomic instability features is supported by

our observations of increased rate of cellular growth

and polyploidy after the overexpression of PKM2

mutants in mammalian cell line.38 Similarly, the role

of PK in cellular growth and development (hence the

process of aging) could explain the phenomena of

growth malfunction including early aging in BS

patients. The surmised correlations between PKM2

and a variety of unexplainable clinical features of BS

are necessitated because of two major reasons, the

support one finds from literature and our own work

and inability to explain through the BLM gene impli-

cated in the syndrome. We are confident that future

research on the lines suggested directly in Bloom

patients and their cells would suggest the importance

of the observations made in this review.

Conclusion
In evolution, majority of biomolecules and pathways

that evolved to counterstress throughout the ontogeny

and were designed to play a role in multiple pathways

have remained conserved from bacteria to human, ful-

filling the Darwinian paradigm of survival and selec-

tion. PKM2 provides one such example of a multifunc-

tional protein, involved in many nonglycolytic

pathways, influencing the cellular physiology. Any

defect in this ‘‘commandant molecule’’ is expected to

lead to a severe multiphenotypic genetic defect. It is

only in recent past that a role is being assigned in cel-

lular biology to this molecule; the role, however, of

PKM2 is understudied and its significance underesti-

mated, except for its recent role in cancer development.

The review widens the scope of research on this multi-

functional molecule to look at the possible effects of in-

hibiting or maneuvering it before being considered as

a therapeutic target for cancer.
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